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ABSTRACT
Luhman and collaborators recently discovered an early-T dwarf companion to the G0 dwarf star HN Peg, using
Spitzer Infrared Array Camera (IRAC) images. Companionship was established on the basis of the common proper
motion inferred from 1998 TwoMicron All Sky Survey images and the 2004 IRAC images. In this paper we present
new near-infrared imaging data which confirm the common proper motion of the system.We also present new 3Y4 m
spectroscopy of HN Peg B, which provides tighter constraints on both the bolometric luminosity determination and
the comparison to synthetic spectra. New adaptive optics imaging data are also presented, which show the T dwarf to
be unresolved, providing limits on the multiplicity of the object.We use the age, distance, and luminosity of the solar-
metallicity T dwarf to determine its effective temperature and gravity, and compare synthetic spectra with these
values, and a range of grain properties and vertical mixing, to the observed 0.8Y4.0 m spectra andmid-infrared pho-
tometry.We find that models with temperature and gravity appropriate for the older end of the age range of the system
(0.5 Gyr) can do a reasonable job of fitting the data, but only if the photospheric condensate cloud deck is thin, and if
there is significant vertical mixing in the atmosphere. Dwarfs such as HN Peg B, with well-determined metallicity,
radius, gravity, and temperature, will allow development of dynamical atmosphere models, leading to the solution of
the puzzle of the L to T dwarf transition.
Subject headinggs: binaries: visual — stars: individual (2MASS J21442847+1446077, HN Peg, HN Peg B) —
stars: low-mass, brown dwarfs
1. INTRODUCTION
Detailed studies of brown dwarf companions tomain-sequence
stars contribute significantly to our understanding of these fas-
cinating objects (e.g., Gl 229B, Gl 570D, and HD 3651B;Marley
et al.1996;Geballe et al. 2001; Saumon et al. 2000, 2006a; Liu et al.
2007). This is because the primary star, if well studied, immediately
gives us the brown dwarf’s distance, chemical composition, and,
most importantly (since brown dwarfs cool with time), constrains
its age. Therefore the discovery of two T dwarfs with spectral
types of T2.5 and T7.5 as companions to the nearby stars HN
Peg (G0 V; 18.4 pc) and HD 3651 (K0 V; 11.1 pc), respectively,
by Luhman et al. (2007, hereafter L07; HD 3651B was indepen-
dently discovered by Mugrauer et al. [2006]) is an exciting and
important result. Companionship of the T dwarfs was confirmed
using proper motions determined from TwoMicron All Sky Sur-
vey (2MASS; Skrutskie et al. 2006) and Spitzer Space Telescope
(Werner et al. 2004) Infrared Array Camera (IRAC; Fazio et al.
2004) images separated by roughly 6 years.
In this paper we present new observational data for one of the
L07 T dwarfs, the proposed companion to HNPeg, HNPegB (or
2MASS J21442847+1446077). The G0 V primary, HN Peg
(HD 206860), is a BY Draconis variable, where the variability
has been interpreted as due to spots on the surface, and the 24.9 day
period as the rotation period of the star (Blanco et al.1979). It is
relatively young, with an age of 0:3  0:2 Gyr (L07; see also x 5
below), and has a debris disk with a radius determined from the
70 mflux excess of 7 AU (Trilling et al. 2008). The proposed
companion is 43.200 away from the primary, which translates to
795 AU at the distance of the primary. Recent multiplicity stud-
ies suggest that the frequency of brown dwarf companions at
wide separations is low (e.g., Kraus et al. 2008); however, the
statistical significance of these findings is not well constrained
due to the small sample sizes. This system adds one more wide-
separation G star and brown dwarf pair to such studies.
Here we use the new observational data to confirm that the
early-T dwarf is indeed a companion to HNPeg, to investigate its
multiplicity, and to refine the determination of its luminosity.
The luminosity allows us to constrain the temperature and grav-
ity of the dwarf from the known age and distance of the solar-
metallicity system. Having determined the temperature and
gravity, we compare the red, near-infrared, and 3Y4 m spectra,
as well as the IRAC 4Y8mphotometry, to synthetic spectra and
photometry, and present the results of the model comparisons.
We find that the models can reproduce the data quite well, and
hence bring us closer to resolving the puzzle of this poorly un-
derstood phase of brown dwarf evolution: the transition from the
dusty, red in the near-infrared, L dwarfs, to the clear atmosphere,
blue in the near-infrared, T dwarfs (e.g., Burgasser et al. 2002;
Knapp et al. 2004).
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2. NEW OBSERVATIONS
2.1. Near-Infrared Imaging
2.1.1. WIRCam Imaging
J-band imaging was conducted with WIRCam at the Canada-
France-Hawaii Telescope (CFHT; Puget et al. 2004) at three differ-
ent epochs (2006September 13, 2007May7, and 2007 July 12 [UT])
using a 9-point dithering pattern of 6000 amplitude. HN Peg was
positioned in the corner of the northeast detector, about 8500 off
the center of themosaic. The total integration timewas 9minutes
for the first two epochs and 17 minutes for the last. Images were
preprocessed and sky subtracted at CFHTwith the I‘iwi pipeline10
and median stacked using the Terapix software suite (sextractor,
Bertin & Arnouts 1996; scamp, Bertin 2006; and swarp11). The
internal astrometry at each epoch is better than 40 mas rms, and
the image quality on the resulting stacks is 0.7600, 1.0200, and
0.8100 for the three respective epochs. Using the 2MASS point-
source catalog to fix the astrometry of each reduced image im-
plies rms errors of 0.2500, and this is the uncertainty that we adopt
for the coordinates of HN Peg B derived from these data.
2.1.2. SOFI Imaging
Through a search of the data archive for the European South-
ern Observatory, we found publicly available images of HN Peg
that were obtained with the SOFI near-infrared camera on the
3.5 mNew Technology Telescope at La Silla Observatory. These
data were collected on the night of 2006 June 15 through pro-
gram 077.C-0704. The instrument contained one 1024 ; 1024
HgCdTe Hawaii array with a plate scale of 0.288 arcsec pixel1.
Ten dithered 60 s exposures of HNPegwere obtained through an
H-band filter. After these images were flat-fielded, registered,
and combined, the resulting image exhibited a full width at half-
maximum (FWHM) near 100 for point sources. We determined
the plate solution of the combined image using coordinates mea-
sured by 2MASS for sources which were well detected but unsat-
urated, and not obviouslymultiple. The rms errors in the astrometry
is 0.1900.
2.1.3. NSFCAM2 Imaging
K-band images were obtained of HN Peg B on 2007 Sep-
tember 27 (UT) using NSFCAM2 (Shure et al.1994) at the NASA
Infrared Telescope Facility (IRTF). Twelve 60 s dithered frames
were obtained, on a nonphotometric night, with seeing around
FWHM0.800 atK. The camera field of view is 8000 ; 8000, and the
pixel scale is 0.04 arcsec pixel1. Three well-detected stars with
2MASS near-infrared magnitudes of 14Y15 (i.e., not HN Peg or
HN Peg B) were included in five of these frames, and these were
used to define the astrometry. The uncertainty in these coordi-
nates is estimated to be 0.100 from the standard deviation of the
values derived from the five frames, and is similar to the rms er-
ror in the astrometric calibration of each frame.
2.2. 3.5 m Spectroscopy
We acquired spectra from 2.96 to 4.07 m of HN Peg B using
theNear-InfraRed Imager and spectrograph (NIRI; Hodapp et al.
2003) on the Gemini North Telescope. The 3Y4 m wavelength
region includes both the 3 fundamental absorption band of CH4
at 3.3 m and a bright flux peak around 4 m. This spectral re-
gion is therefore useful for defining the overall shape of the spec-
tral energy distribution and formeasuring the bolometric luminosity.
Over the course of four nights (2007 July 26 and 30; August 1
and 5 [UT]) we obtained a total of 4.67 hr of data, consisting of
280, 60 s exposures, each made up of 30 co-adds of 2 s integ-
rations (short integration times are necessary due to the high and
variable L-band background). The L-grism was used with the L
order-sorting filter. The nights were required to be photometric
with good image quality, to maximize the flux through NIRI’s
6 pixel (0.7200) slit. The spectral resolving power provided by
this configuration is R  k/k  460.
The F0 V star HD 194822 or the A1 V star HD 217186 were
used as calibrators. The science target and calibrators were ob-
served using 300 offsets along the slit in an ABBA pattern. Flat
fields were obtained using the Gemini calibration unit, and bad
pixel masks were derived from dark frames. Wavelength cali-
bration was achieved using telluric and intrinsic spectral features
in the calibration stars. IRAF routines were used to mask bad
pixels, flat field each frame, subtract pairs of frames, and produce
one to five stacked images for each night, each of which con-
tained a positive and negative spectrum and represented 20Y
40 minutes of observation. Figaro routines were used to extract
the spectra, wavelength calibrate, and flux calibrate using the tel-
luric standards. The final absolute flux calibration was achieved
using the Spitzer IRAC 3.6 m photometry given by L07
using the technique given in Cushing et al. (2006). Finally the
spectrum was rebinned so that each pixel corresponds to a sin-
gle resolution element. The signal-to-noise ratio ranges from
5 at the blue end of the spectrum (where there is little flux) to
15Y20, at the brighter red end. The spectrum is presented later,
in x 4.
2.3. Keck Laser Guide Star Adaptive Optics Imaging
TheG0 primary, HN Peg, has been the target of radial velocity
monitoring, but there is no evidence of planets orbiting the star
(Fischer & Valenti 2005; Ko¨nig et al. 2006). Hence the system
seems to be composed of the star and its brown dwarf companion,
with a separation of 795 AU.
We searched for companions to HNPeg B on 2006October 14
using the laser guide star adaptive optics (LGS AO) system (van
Dam et al. 2006; Wizinowich et al. 2006) of the 10 m Keck II
Telescope onMauna Kea, Hawaii. Conditions were photometric
with variable seeing.We used the facility infrared cameraNIRC2
with its narrow field-of-view camera, which produces an image
scale of 9:963  0:011 mas pixel1 (Pravdo et al. 2006) and a
10:200 ; 10:200 field of view. The LGS provided the wave front
reference source (equivalent to a V  9:6 mag star) for AO cor-
rection, with the exception of tip-tilt motion. Tip-tilt aberrations
and quasi-static changes in the image of the LGS were measured
contemporaneously with a lower bandwidth wave front sensor
monitoring the R ¼ 12:7 mag field star USNO-B1.0 214428+
14465 (Monet et al. 2003), located 4400 away from HN Peg B.
Technical difficulties with this second wave front sensor led to
somewhat degraded image quality in the inner0.300 radius com-
pared to typical data.
We obtained a series of dithered images, offsetting the tele-
scope by a few arcseconds, with a total integration time of 420 s.
We used the K-band filter from the Mauna Kea Observatories
(MKO) filter consortium (Simons & Tokunaga 2002; Tokunaga
et al. 2002). The images were reduced in a standard fashion. We
constructed flat fields from the differences of images of the tele-
scope dome interior with and without continuum lamp illumi-
nation. Master sky frames were created from the median average
of the bias-subtracted, flat-fielded images and subtracted from
the individual images. Images were registered and stacked to
form a final mosaic, with a FWHM of 0.0600 and a Strehl ratio of
10 See http://www.cfht.hawaii.edu / Instruments / Imaging /WIRCam/.
11 See http://terapix.iap.fr.
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0.34. No companions were clearly detected in a 600 ; 600 region,
corresponding to 110 AU, centered on HN Peg B.
We determined limits on any companions by first convolving
the final mosaic with an analytical representation of the point-
spread function’s (PSF’s) radial profile, modeled as the sum of
multiple Gaussians. We then measured the standard deviation in
concentric annuli centered on HN Peg B, normalized by the peak
flux of the targets, and took 10  as the flux ratio limits for any
companions. These limits were verified with implantation of fake
companions into the image using translated and scaled versions of
the science target. Inside about 0.2500 in radius, the complex struc-
ture of the PSF is themain noise source. From about 0.2500 to 1.000,
the noise primarily arises from shot noise of the PSF halo and at
larger separations from both shot noise of the sky emission and
detector read noise.
Figure 1 presents the companion detection limits. We use the
Liu et al. (2006) polynomial fits for K-band absolute magnitude
as a function of spectral type to convert the brightness limits into
spectral types for field ultracool dwarfs. Evolutionary models
calculated by one of us (D. S.), using cloud-free atmospheres,
were used to convert the K limits into TeA and mass, given the
age range of 0.1Y0.5 Gyr for the HN Peg system. The observa-
tions show that there is no companion warmer than 500 K or
more massive than10MJupiter at 0.300Y600, or 5.5Y110 AU from
HN Peg B. The luminosity of the system rules out the presence a
similar-mass companion (xx 5 and 6), i.e., a companion with
mass >10Y20 MJupiter or TeAk 1000 K. Thus any companion to
HN Peg Bmust be less massive than10MJupiter and cooler than
500Y700 K (depending on the exact age of the system).
Recent high spatial resolution imaging of brown dwarfs has
found that the binary frequency among T2YT4.5 dwarfs is un-
usually high, with most early-T dwarfs consisting of a similar
mass, but very different color, pair, made up of a late-L or very
early-T and a mid- to late-T dwarf (e.g., Burgasser et al. 2006b;
Liu et al. 2006). This finding is appealing, as it reduces the J-band
brightening seen for early-T dwarfs, making the L to T transition
easier to model. HN Peg B appears to be one of the rare T2.5
dwarfs which is not composed of a similar-mass pair of dwarfs.
3. ASTROMETRY OF THE HN Peg SYSTEM
3.1. Proper-Motion Determination
We used the WIRCam, SOFI, and NSFCAM2 imaging data
described above, as well as the Spitzer IRAC images obtained
for the L07 program on 2004 July 10, to determine accurate co-
ordinates for the proposed companion to HN Peg at multiple
epochs. The results are given in Table 1. In all cases the dwarf
was well detected, and 2MASS stars were used to refine the co-
ordinate systems.
In the case of the IRAC data, coordinates could be determined
from the four IRAC channels to 0.100Y0.2200 in right ascension
and 0.100Y0.1400 in declination. The uncertainty in these coor-
dinates is estimated from the standard deviation of the values de-
rived from the four frames, and is similar to the rms error in the
astrometric calibration of each frame.
Figure 2 shows the difference between the 2004, 2006, and
2007 epochmeasurements of the right ascension and declination
of the dwarf, and the values that it would have were it a compan-
ion toHNPeg. The19982MASScoordinates provide the initial val-
ues.We adopt a propermotion forHNPegof 231:2  1:0mas yr1
in right ascension and 113:6  0:40 mas yr1 in declination,
based on a weighted average of the Hipparcos (Perryman et al.
1997) and PPM North (Roeser & Bastian 1988) catalogs. The
errors in the values plotted are the combined uncertainties in our
astrometric measurements, the 2MASS reference system, and
the proper motion of HN Peg.
TheNSFCAM2 astrometry differs in right ascension by0.300
from theWIRCam results, and also disagrees with other available
data. TheNSFCAM2field is known to suffer fromdistortion at the
0.100 level.12 It appears that this distortion, combined with the small
number of stars used to define the astrometry, leads us to under-
estimate the error on this measurement.
The proper motion of the T dwarf in declination is small and
is consistent with that of HN Peg along this axis. While the
Fig. 1.—Limits on multiplicity of HN Peg B, derived from our AO imaging.
Spectral types corresponding to theKmagnitude of a companion to HNPegB are
shown along the right axis, and effective temperatures and masses of any com-
panion are shown along the dotted lines, for ages 0.1, 0.3, and 0.5 Gyr.
TABLE 1
Astrometry for HN Peg B (2MASS J21442847+1446077)
Epoch Year
Right Ascension
(J2000.0)
(R.A.)
(arcsec)
Declination
(J2000.0)
(Decl.)
(arcsec) Survey or Instrument
1998.734................................. 21 44 28.472 0.07 +14 46 07.80 0.07 2MASS
2004.441................................. 21 44 28.548 0.22 +14 46 07.06 0.14 IRAC
2006.540................................. 21 44 28.595 0.19 +14 46 06.86 0.19 SOFI
2006.699................................. 21 44 28.582 0.25 +14 46 06.81 0.25 WIRCam
2007.348................................. 21 44 28.601 0.25 +14 46 06.73 0.25 WIRCam
2007.529................................. 21 44 28.599 0.25 +14 46 06.73 0.25 WIRCam
2007.742................................. 21 44 28.581 0.10 +14 46 06.79 0.10 NSFCAM2
Note.—Units of right ascension are hours, minutes, and seconds, and units of declination are degrees, arcminutes, and arcseconds.
12 See http://irtfweb.ifa.hawaii.edu /~nsfcam2 /Distortion%20Analysis.html.
LEGGETT ET AL.1258 Vol. 682
agreement in right ascension is not as good as that in declination,
the values are consistent with companionship within the measure-
ment errors, with the exception of the NSFCAM2 value. Given
the low probability of detecting a field T dwarf (see the following
section), we interpret this level of agreement as confirmation of
companionship.
3.2. Probability of Detecting a Background T Dwarf
The probability of L07 discovering a background T dwarf
near HN Peg is low, although finite. Metchev et al. (2008) deter-
mine the space density of T0YT8 dwarfs to be 7:2 ; 103 pc3.
The L07 study required a good detection in all four IRAC bands,
limiting the detection of early-T dwarfs to around 30 pc (and
later T dwarfs to smaller distances). The number of T dwarfs within
a 30 pc volume is 810, using the Metchev et al. density value.
The field of view of IRAC is 5.20, and thus each star observed by
L07 samples 27.04 arcmin2 or 1:82 ; 107 of the celestial sphere.
The L07 sample size is 121 targets, so we would expect to find
<0.018 field T dwarfs in this survey, as the 30 pc distance is an
upper limit. Assuming Poisson statistics, the probability of de-
tecting one field T dwarf given an expectation rate of <0.018 is
<2%. However, the probability of finding such a field T dwarf
with a similar proper motion to HN Peg (as described in the pre-
vious section) is negligibly small.
4. THE SPECTRAL ENERGY DISTRIBUTION
AND LUMINOSITY OF HN Peg B
L07 determined the spectral type of HN Peg B to be T2:5 
0:5 by comparing its near-infrared spectrum to the T dwarf spec-
tral templates presented by Burgasser et al. (2006a). Using the
L07 spectrum, we computed the values of the spectral indices
defined in Burgasser et al. and find spectral types ranging from
T2 to T4.5, with an average of T3  1 (a significant range in type
is not uncommon for L to T transition dwarfs; see, for example,
Table 9 inKnapp et al. [2004]). This spectral type is in good agree-
ment with the spectral type derived by the direct comparison
technique.
Figure 3 shows the 0.8Y4.1mspectrumof the Burgasser et al.
(2006a) T2 spectral standard SDSS J125453.90-012247.4 (here-
after SDSS 12540122) from Cushing et al. (2005), and that for
HN Peg B. The spectra have been scaled to demonstrate the
Fig. 2.—Difference between the positions of the proposed companion to HNPeg at various epochs, and its 1998.7 2MASS position, updated assuming common proper
motion with HN Peg. The astrometry derives from images obtained with IRAC (2004.4), SOFI (2006.5), WIRCam (2006.7, 2007.3, and 2007.5), and NSFCAM2
(2007.7).
Fig. 3.—Observed spectra for the T2 template SDSS J12540122 (red; Cushing
et al. 2005) and HN Peg B (black; L07 and this work).
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similarity between their spectral energy distributions (SEDs).
Comparing the scaling factor to that derived from the trigono-
metric parallaxes measured for SDSS 12540122 and HN Peg
(Dahn et al. 2002; Perryman et al.1997) shows that SDSS 1254
0122 is brighter than HN Peg B by a factor of 1.55. It has been
suggested that SDSS 12540122 is multiple, based on its abso-
lute magnitude (Burgasser et al. 2006b; Liu et al. 2006), although
it remains unresolved by the Hubble Space Telescope (Burgasser
et al. 2006b). The fact that HN Peg B is not brighter than SDSS
12540122 supports the conclusion derived from the AO imag-
ing of the dwarf, that HN Peg B does not have a close companion
with similar mass. Compared to the T2 dwarf SDSS 12540122,
HNPeg B has slightly stronger H2O absorption at 1.1m, slightly
stronger CH4 at 1.6 m, and is brighter at 4 m, supporting the
slightly later type of T2.5YT3.
We have determined the bolometric flux at Earth of HN Peg B
by integrating the observed 0.8Y4 m spectrum and adding the
contribution of longer wavelengths using a synthetic spectrum.
Initially we chose a synthetic spectrum with TeA ¼ 1400 K, the
temperature of SDSS 12540122 (Golimowski et al. 2004), due
to the similarity in the SED. The model flux was scaled by the
observed IRAC fluxes of HN Peg B. After deriving the luminos-
ity in this way, evolutionary models were used to constrain the
TeA and log g (see the following section), and the luminosity
was rederived using the long-wavelength flux of a cooler TeA ¼
1115 Kmodel, as indicated by the evolutionarymodel. The differ-
ence in the measured luminosity is 3.5%, less than the uncertainty
in the measurement, and the change in the TeA derived from the
luminosity would be <5 K; we have not rederived the TeA and
log g.
The value derived for the luminosity at theEarth, using the cooler
model long-wavelength extension, is 1:66 ; 1015 W m2, with
an estimated uncertainty of 5%. Adopting the HN Peg distance
of 18:4  0:2 pc (Perryman et al.1997) implies a luminosity given
by log L/L ¼ 4:76  0:02, in agreement with the value found
by L07 of 4:77  0:03.
5. AGE, METALLICITY, TEMPERATURE,
AND GRAVITY OF HN Peg B
L07 consider the Li, rotational, and chromospheric properties of
HN Peg A to determine an age for the HN Peg system of 0:3 
0:2 Gyr. This agrees with the recently derived gyrochronology
age of 0:24  0:03Gyr (Barnes 2007). The systemhas solarmetal-
licity: Valenti & Fischer (2005) report ½M/H  ¼ 0:01  0:03 for
HN Peg A.
Evolutionary models calculated by one of us (D. S.) show that
a T dwarf aged 0.1Y0.5 Gyr, with our measured luminosity, has
TeA K; log g ; radius R/R; and mass of 1015 K, 4.22, 0.134, and
12MJupiter at the younger age; and mass of 1115 K, 4.81, 0.101,
and 28MJupiter at the older age. These values are summarized in
Table 2, and are consistent with the Burrows et al. (1997) and
Baraffe et al. (2003) evolutionary sequences shown in Figures 10
and 11 of L07, although the temperature is slightly lower than
that adopted by L07 of 1130 K.
As also noted in L07, a temperature of 1065K is significantly
cooler than that of the typical field T2YT3 dwarf, which has
TeA  1200Y1400 K (Golimowski et al. 2004). Cushing et al.
(2008) determine TeA ¼ 1200Y1400 K for the very spectrally
similar T2 reference dwarf SDSS J12540122 (Fig. 3), from
model analyses of the observed spectra, in agreement with the
value determined from luminosity arguments by Golimowski et al.
(2004) of 1425  175 K. However, for HN Peg B to be as hot as
1200 K, its age would need to be 1 Gyr, in violation of the Li,
rotation, and chromospheric activity constraints (L07). The young
L7.5 dwarf HD 203030B (Metchev &Hillenbrand 2006) also has
an apparently low temperature (of 1200 K), and it has been sug-
gested that the temperature of the L to T dwarf transition may
be gravity dependent. Benchmark transition dwarfs such as HN
Peg B, with well-determined age and metallicity, are clearly im-
portant for studies of the properties that control the L to T dwarf
transition.
In the following section we explore the fits of synthetic spec-
tra and photometry to the HN Peg B data, and investigate how
well our current atmospheric models can do, given the tight con-
straints on temperature, gravity, and radius that the evolutionary
sequences provide. Note that if HN Peg B consists of an unre-
solved pair of identical dwarfs, then the luminosity is halved and
TeA becomes900 K, for the age of the system. The comparison
to the spectra below shows that our models do not support such a
low temperature, consistent with the dwarf being single, or being
TABLE 2
Luminosity-Constrained Parameters for HN Peg B
Age
(Gyr)
Teff
(K ) log g
Radius
(R)
Mass
(MJ)
0.1................... 1015 4.22 0.134 12
0.5................... 1115 4.81 0.101 28
Fig. 4.—Observed spectrum of HN Peg B (heavy black line), compared to syn-
thetic spectra with various TeA, gravity, sedimentation efficiency fsed, and vertical
mixing diffusion coefficient Kzz parameters, as indicated in the legends. The model
fluxes have been scaled to flux at the Earth using the known distance toHNPeg and
the HN Peg B radii calculated by evolutionary models. The top panel shows our
best-fitting model (red line) together with a similar model with thicker cloud decks
(brown line). The bottom panel shows the best-fitting cooler model (blue line),
together with a warmer model spectrum demonstrating the effect of less vertical
transport (green line; compare to brown line in top panel).
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composed of a significantly unequal-mass system, in agreement
with the conclusions reached in x 2.3 above.
6. MODEL COMPARISONS
The model atmospheres used here self-consistently include
the formation of condensate clouds (Marley et al. 2002). The
parameter fsed is a measure of the efficiency of condensate se-
dimentation relative to turbulent mixing (Ackerman & Marley
2001). Larger values of fsed imply larger particle sizes, greater se-
dimentation efficiency, and thus thinner condensate clouds. Gen-
erally, fsed ¼ 2 reproduces the colors and spectra of L dwarfs
well, and fsed ¼ 4 or cloud-free models reproduce the colors and
spectra of later T dwarfs well (e.g., Knapp et al. 2004; Cushing
et al. 2008).
The models also include vertical transport in the atmosphere,
which affects the chemical abundance of species involving C, N,
andO. The extremely stable CO andN2molecules can be dredged
from deep layers into the photosphere, enhancing the abundances
of these species, and decreasing the abundance of CH4, H2O,
and NH3 (e.g., Fegley & Lodders 1996; Saumon et al. 2003,
2006b; Hubeny & Burrows 2007). This mechanism is parameter-
ized in our models by a diffusion coefficientKzz cm
2 s1. The larger
theKzz, the greater the enhancement of CO and N2 over CH4 and
NH3. For T dwarfs, the effect is significant in the mid-infrared,
where the 3 m CH4 absorption band is weakened, the 4.5 m
CO absorption band is strengthened, and the 11 m NH3 ab-
sorption band is weakened (e.g., Leggett et al. 2007). Values of
log Kzz ¼ 2Y6, corresponding to mixing timescales of 1 hr to
10 yr in the atmosphere, appear to be required to reproduce the
observations of T dwarfs.
6.1. 0.8Y4.1 m Spectra
Figure 4 shows the observed 0.8Y4.1 m spectrum of HN Peg
B compared to variousmodel spectra.We treat the sedimentation
and diffusion parameters fsed andKzz as independent parameters,
although when full hydrodynamic models can be calculated, the
grain sedimentation and replenishment will most likely be found
to be intimately connectedwith the vertical transport of gas through
the atmosphere. Here we use models with fsed ¼ 1, 2, 3, 3.5, and 4,
and with Kzz ¼ 0(equilibrium), 102, 104, and 106 (cm2 s1), and
values of TeA/log g for each end of the allowed age range, 1015/
4.22 and 1115/4.81 (x 5).
In all cases we find the spectra generated by the hotter temper-
ature and higher gravity models do a better job of reproducing
the data than the lower temperature and gravity models. Thus the
age of the system appears to be at the older end of the allowed
range, close to 0.5 Gyr. The best-fitting model has TeA ¼ 1115 K,
log g ¼ 4:81, fsed ¼ 3:5, andKzz ¼ 104 cm2 s1 (red line inFig. 4).
The cloud decks in this dwarf must therefore be relatively thin.
Figure 4 also shows that significant vertical mixing in the atmo-
sphere is required to reproduce the observed depth of the 3 m
CH4 feature.
6.2. 4Y8 m Photometry
Figure 5 compares the observed IRAC absolute magnitudes
of HN Peg B to those calculated by our models. The models
match the data quite well, except for the 4.49 mband, where the
discrepancy is 0.4 mag. This is puzzling, given how well the
model reproduces the 3Y4m spectrum (Fig. 4) and the 5.73 m
magnitude. At these wavelengths the flux emerges from above
the condensate clouds, and so our modeling of the cloud decks
Fig. 5.—Absolute IRACmagnitudes for HN PegB (range indicated by horizontal black lines), compared to synthetic photometry from ourmodels as a function of vertical
mixing diffusion coefficientKzz. For ease of plotting,Kzz ¼ 0 has been plotted as log Kzz ¼ 0. The model values cluster in pairs of 1015 K (cyan to dark blue togray) and 1115 K
( pink to dark red to brown), with sedimentation parameter fsed ¼ 1, 2, 3, and 4 from left to right for the [3.55] panel, and from top to bottom in the other panels.
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is not the source of the error. The problem either lies in the
temperature-pressure profile—the region around the 0.5Y1.0 bar
appears to be too hot—or in an opacity source that is missing or
too weak in the models.
Nevertheless, the modeled photometry reproduces the data
quite well, and supports the conclusions drawn from the compar-
ison to the shorter wavelength spectrum—high sedimentation,
thinner cloud decks are required, as well as significant vertical
mixing. The best-fitting model for the 0.8Y4 m spectrum is also
the best choice to fit the IRAC photometry:TeA ¼ 1115 K, log g ¼
4:81, fsed ¼ 3:5, and Kzz ¼ 104 cm2 s1.
7. CONCLUSIONS
The discovery by L07 of an early-T dwarf companion to a
solar-like star offers an important test bed for models of the com-
plex and poorly understood transition from the dusty L dwarfs to
the clear T dwarfs. The new imaging data presented here improve
the determination of the proper motion of this T dwarf, and con-
firm that the brown dwarf has common proper motion with the
star, and hence is indeed a companion.
Our new high spatial resolution imaging data, together with
the model comparisons to the 0.8Y4.1 m spectra, show that the
dwarf is most likely single, although it is possible that a much
fainter, undetected,<10MJupiter brown dwarf lies within 100 AU
of the early-T dwarf.
Comparison of the observed and synthetic spectra generated
by our models indicates that the HN Peg system is at the older
end of the allowed age range, with an age 0.5 Gyr. Together
with the measured luminosity, this implies that HN Peg B has
TeA ¼ 1115 K, log g ¼ 4:8, radius 0.10 R, and mass 28MJupiter.
Comparison of the observed and synthetic 0.8Y8.0 m pho-
tometry and spectra also indicates that the condensate cloud
decks in the photosphere of this T dwarf must be relatively thin,
as we determine fsed ¼ 3:5. Vertical mixing appears to be signif-
icant, as implied by the relative weakness of the 3 m CH4 ab-
sorption band, which we fit withKzz ¼ 104 cm2 s1. In the future,
objects like this, with well-determined age, radius, mass, gravity,
and temperature, should allow development and testing of dy-
namical atmosphere models that use a more physical approach
to treat clouds and mixing. In the longer term, such models
should provide the solution to the puzzle of the L to T dwarf
transition.
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